We present Monte Carlo wavefunction simulations for quantum computations employing an exchange-coupled array of quantum dots. Employing a combination of experimentally and theoretically available parameters, we find that gate fidelities greater than 98% may be obtained with current experimental and technological capabilities. Application to an encoded 3 qubit (nine physical qubits) Deutsch-Josza computation indicates that the algorithmic fidelity is more a question of the total time to implement the gates than of the physical complexity of those gates.
INTRODUCTION
Quantum information processing has been characterized by a rapid pace of theoretical progress and slower development of experimental techniques. At the current time, the differential is clearly visible: while most experimental realizations to date are limited to a handful of qubits or less, much theoretical effort is devoted to elucidating the potential of quantum computers with thousands or even millions of qubits. As experiments progress there is a need to evaluate the many suggested experimental implementations, to determine if they are feasible as proposed. The evaluations need not be elaborate, just the calculation of some figures of merit that indicate the technology's computational merit. As an example of such a calculation, we present here simulation results and fidelities for the CNOT gate and for the three qubit Deutsch-Josza algorithm implemented in a model system of a spin-coupled quantum dot array with exchange-only quantum computation.
(1-3)
The possibility of employing coupled quantum wells for quantum information processing was first proposed by Landauer, and Barenco et al. in the mid-1990's.
(4,5) Numerous researchers have since elaborated upon these ideas. We investigate here the quantum dot implementation proposed by Loss and DiVincenzo.
(6) As suggested by these authors, we consider a linear quantum dot array where each dot arises as a localized region within a two dimensional electron gas, with the localization imposed by electrical gating. Each qubit is realized as the spin of an unpaired electron on the quantum dot. Following Ref. 7, we shall assume the spin-orbit interaction is negligible, and the effect of surrounding nuclear spins will be incorporated into the error terms. Thus, the spin of each electron constitutes a welldefined two dimensional Hilbert space. Employing spin rather than orbital degrees of freedom greatly reduces the effects of decoherence, since the spin states couple much less strongly to the environment than the charge states. (8) Whereas the charge degrees of freedom are characterized by a decoherence rate on the order of nanoseconds, (9) the spin degrees are relatively resistant to errors, and dephasing rates in the microsecond range can be expected. (10) It should be noted that these figures stem from experiments done under nondecoherence suppressing conditions, and one might expect that with more elaborate experimental set-ups, e.g., taking advantage of spin polarization and spin echo techniques, the effects of inhomogeneous broadening as well as the hyperfine coupling between the electron and surrounding nuclear spins can be reduced. To date, there has been no actual experimental realization of the spin-coupled quantum dot array. However, demonstrated experimental ability to control the coupling between the dots (11, 12) and observations of coherent and long-lived spin oscillations (13) indicates that a quantum computer as envisioned by Loss and DiVincenzo could be realizable.
Assuming that tunable gates, well-defined arrays, and reasonable control of decoherence processes have been achieved, the issue of measurement remains. Less work has been done on the realization of quantum measurement in these systems, although efforts towards experimental realization of single spin measurements in the solid state have been made. (14) (15) (16) Since at the outset of these simulations no experimentally demonstrated measurement scheme existed, we have made the simplest assumption of noiseless projective measurements.
In this work we employ the isotropic exchange interaction for coupling quantum spins with the exchange-only quantum computation scheme of Refs. 1-3. Use of an isotropic exchange interaction amounts to an idealization of the system as it generally exists in an experimental setting.
